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1.0    SUMMARY AND PROGRESS 

The tungsten bronze structural  family offers a large number of crys- 

tals for electro-optic and nonlinear optical  applications.    However, the cur- 

rent work ha? mainly focuoed on the development of optical  quality crystals/ 

films for the bronze Sr^Ba^bgOg (SBN) system.    Considerable progress has 

been recently made in different areas including bulk crystal  growth, film 

growth and electro-optic characterization, as well  as in phenomenological 

modeling work.    An overall  view of the important activities of this project 

and their interrelationship is shown in Fig. 1. 

Several   SBN:60 single crystals have been grown by the Czochralski 

technique, and the quality of the crystals seems to be much Improved by con- 

trolling the pulling conditions with the use of an automatic diameter control 

(ADC)  system.    It has been shown that the strlations depend not only on the 

quality of the starting materials, but also on how the ADC system is used when 

pulling these crystals.    The SBN:60 and SBN:50 single crystals have now been 

grown as large as 1-2 cm in diameter and about 4-5 cm in length.    The primary 

use of the SBN:50 single crystals is as substrate material  for the proposed 

liquid phase epitaxial   (LPE) growth work. 

We have successfully demonstrated the use of the LPE growth technique 

to develop thin films of Srg^BaQ^NbgOg on SBN substrates.    Although the rate 

of crystallization along the (001) direction is much faster as compared to 

other orientations, growth is more difficult on (OOl)-plate SBN substrates due 

to a slight mismatch in lattice constants.    On the other hand, growth along 

the (110) and (100) directions has been successful  and the quality of the 

films Is much better.    It is Important to note that the electro-optic r-jg 

coefficient is also largest along the (100) direction. 

Recent work on SBN:60 single crystals has shown a value for the 

electro-optic coefficient, r51, of 80 x 10"12 m/V, a value significantly 

greater than for SBN:75 (42 x 10"1Z m/V) which possesses an optimum value for 
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r^y    This Indicates that rv. Is compositionally dependent on the concentra- 
51 

tion of Baz+, but in a manner opposite to the behavior of r-^.    This could be 

a significant result for the potential  application of SBN crystal in optical 

switching and spatial  light modulator devices. 

Another important bronze system, Pbi.x
Ba

x
N1M6 (PBN)» has been 

selected for study in this work.    This system exhibits a morphotropic phase 

boundary at x = 0.37, and compositions near this point show exceptionally high 

electro-optic and dielectric properties.    Since bulk single crystal  growth of 

PBN is difficult due to volatilization of Pb2+, the LPE technique will  be used 

to develop this material   for optical  studies.    At present, the flux system 

pb2V207-Pb0>6Ba044Nb206 Is being developed for thin film growth. 

Several  of the more interesting tungsten bronze systems show morpho- 

tropic phase boundaries which depend primarily on composition rather than on 

temperature.   Ceramic compositions adjacent to these boundaries show enhanced 

electro-optic, pyroelectric, dielectric and electromechanical  factors because 

of the proximity in energy to the alternate ferroeletric structure.    System- 

atic work is in progress on the tungsten bronze systems BaoNaNbcO,,.- 

Sr2NaNb5015 (BNN-SNN) and Pb2KNb5015-Ba2NaNb5015 (PKN-BNN) to establish their 

dielectric, electro-optic and pyroelectric properties.    Once this task has 

been completed, a few compositions from each system will  be further developed 

for optical device applications. 

ii 

C5632A/sn 



*J!» Rockwell International 
Science Center 

SC534Ü.4SA 

2.0 DEVELOPMEMr OF TUNGSTEN BRONZE MATER TALS 

2.1 Materials Growth Techniques 

Since most of the bronze compositions grown in our laboratory are 

based on solid solution systems, it is Important that suitable growth tech- 

niques be developed to produce crystals free of optical defects such as stria- 

tions, scattering centers and twinning. Striations and other defects are 

typical problems common to solid solution crystals, and it Is often difficult 

to suppress them completely. However, these problems can effectively be re- 

duced such that the crystals can be useful for optical device studies. This 

task is difficult; hence, the selection of appropriate growth techniques is 

crit'eal in the present work. At present, three different techniques have 

been chosen to develop SBN and other bronze crystals. They are as follows: 

1. Bulk Single Crystals: Czochralski technique. 

2. Thin Films:        Liquid phase epita^ (LPE). 

3. Strip Crystals:     Edge defined film-fed technique. 

The first two techniques are well established in our current work, 

and bulk crystals and films of SBN compositions have already been grown. In 

the present report, the growth of striation-free SBN crystals and films is 

discussed with the associated growth problems. 

2.2 Growth Procedure 

Nb205, SrCOj and BaCOß fine powders have been used as startint) mate- 

rials and weighed out in the desired proportions, as summarized in Table 1. 

The batch mixture Is ball-milled in acetone for 20-30 h, and then poured into 

a large drying dish.   The dried powder Is placed in a platinum reaction dish 

and calcined at 1000oC for 10-15 h to eliminate carbonates and any possible 

carbon from the pyrolytic breakdown of residual  acetone.   The calcined powder 

is then ball-milled again and refired in an oxygen flow of 2 cfh at 1400oC for 

4 
C56323A/sn 



IJÜ Rockwell Internationa 

Table 1 

Materials for Bulk Single Crystal Growth Work 

Crystal 
Composition     Starting Materials** Remarks 

SBN:60 a. SrC03 135.08 gms * Congruent melting composition.       ! 

b. BaCOj 115.45 gms * Large crystals can be produced       { 
approximately 1" In diameter.        | 

c. NbgOg 398.73 gms * Used as host crystal, as well as 
substrate material  for LPE work.    1 

Total wt 649.26 gms * Exhibits high electro-optic and     j 
pyroelectrlc coefficients.              | 

Total  wt     450.0 gms 
used for growth 

* Melts at 1510oC and no 
spattering observed. 

SBN:50* a. SrC03 92.26 gms * Slightly off congruent melting       1 
composition.                                     ! 

b. BaCOj 123.34 gms * Large crystals are available.         ! 

c. Nb205 332.27 gms * Used as substrate material  for       [ 
LPE work. 

Total  wt      547.87 gms 
used for growth 

* Modified crystals exhibit 
excellent pyroelectrlc properties. 

* Melts at 1520oC                                  j 

j      SBN:75 a. SrC03 166.05 gms * Exhibits highest electro-optic and 
pyroelectrlc coefficients.              1 

b. BaC03 73,98 gms * Used as substrate, as well as host 
material.                                          j 

c. Nb205 399.00 gms * Slightly off congruent melting 
composition. 

Total wt 639.03 gms * Melts at 1300oC. 

Total wt     450.0   gm% 
used for growth 

* La^+ doped SBN:50 crystals have also been grown. 
** Chemical analysis of each starting material  Is given in an earlier report. 

rRfi'S'Jfl/en 
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about 4-6 h.    Phase checks and x-ray lattice constant measurements are made 

for each bdtch to ensure the use of a phase-pure bronze composition for crys- 

tal growth.   A thick-walled platinum crucible of 2 x 2 in. in dimension is 

used for this growth, and this container holds roughly 450 g of melt 

composition. 

2,3 Growth of Tungsten Bronze Sr1_xPaxNb206 Crystals 

Table 2 gives a brief summary of our crystal  growth effort on the 

tungsten bronze ferroelectric Sr^Ba^bgOg, x = 0.40 and 0.50, single crys- 

tals grown by the Czochralski technique.    Since the growth of the SBN:75 com- 

position was only recently Initiated, Table 2 does not include growth data on 

this crystal.    However, the importance of this composition is discussed in 

this section.    Table 3 summarizes the ferroelectric, electro-optic and pyro- 

electric characteristics of SBN:60, SBN:50 and SBN:75.    Using these crystals, 

one may formulate several  device applications; hence, their growth Is very 

important. The results of these investigations are as follows: 

SBN:50 

This composition has mainly been select ;d in the present study to be 

used as substrate material  for the LPE growth of bronze family compositions. 

The growth of this composition has already been reported by several   research- 

ers.      ,    Growth is rather difficult ?■» compared to the congruent melting 

composition, SBN:60, due to cracking of crystals when cycling through the 

paraelectrlc/ferroelectrlc phase transition temperature; hence, the size of 

these crystals has been confined to 1 cm or less.    We are present'; ' studying 

the cracking problems fef these crystals and have eliminated them to a large 

6 
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* extent, enabling us to grow crystals ~ 1-1.5 cm in diameter.   Figure 2 shows a 

typical  1.5 cm SBN:50 crystal pulled alony the (Oül) direction.    La3+-moaified 

JBK:50 single crysi-'«ls have also been developed and they shew an exceptionally 

high pyroelectric rc..ponse, making them potentially useful for oncooled infra- 

red detector applications.    Plans have been made to pull these crystals using 

the ADC system so that one may better control the diameter, thereby further 

reducing crystal  cracking. 

7 
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Fig.   2    SBN:50 single crystal   grown along  the  (001)   direction. 
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Table 3 
Ferroelectric, Electro-Optic and Pytoelectric Properties 

of the SBN System 

Property SBN:75 SBN :60 SBN :50*       1 

Symmetry 4 tm 4 um 4 mro i 

Lattice Constant a » 
c • 

12.457Ä 
3.928Ä 

a « 
c » 

12.475Ä 
3.940Ä 

a ■ 
c » 

12.482Ä 
3.952Ä    j 

Tc (0C) 56 72 125 

Dielectric Constant 
at R.T. 

e33 =  3400 E33 = 600 e33 =  500      | 

Electro-Optic Coefficient 
x 10"12 m/V 

r33 =  1400 r33 = 420 r33 =  120      i 

Pyroelactric Coefficient 
C/cm2-K 

P = 2800 P = 880 P = 680*        j 

|   Piezoelectric Coefficient 

I   x 10-12 C/N 

d33 
d15 

■ 

d15 

=  130 
=  31 

d33 
d15 

-  110 
= 28        j 

|   Electromechanical 
1   Coupling Constant 

K33 Kr5 r      mm Al 
= 0.45 
- 0.24 K33 K15 

■  --        ' 

* Pyroelectric coefficient for SBN:50 (La3+) = 1170 

SBN:75 

This composition exhibits the largest electro-optic (r33 = 

1400 x 10-12 m/V) and pyroelectric coefficients of any well-behaved oxide 

material.6,7   These features make this crystal  potentially attractive for 

future electro-optic, pyroelectric, photorefractive and millimeter wave appli- 

cations.    If and when this crystal composition becomes available in optical 

quality, it will create a significant scientific impact in electro-optic and 
other device research areas.   The growth of this composition has recently been 

initiated, and small  crystals will be grown to identify problems associated 

IC 
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with Czochralski  growth.   Based on this work, necessary changes in growth pro- 

cedures will be made to obtain good optical quality SBN:75 crystals. 

SEN:60 

As discussed in a previous report,8 the single crystal  growth tech- 

nique of SBN:60 has been modified in order to improve the crystal  quality and 

thereby enhance its use for optical  studies.    Since SBN:60 is reported to be 

the only congruent melting composition in SrNbgOg-BaNbgOg system,    the current 

effort has mainly concentrated on this composition.    It is now well estab- 

lished that there are several  factors that influence the quality and size of 

bronze crystals.   Hence, it is important that the necessary modifications be 

made in our growth procedure from time to time.   The changes made are as 

follows: 

1. Use of higher purity starting materials to eliminate striations 

caused by impurity ions, i.e., Fe3+, Ca2+ and Na+. 

2. Eliminated the use of Iridium crucible:  no iridium 

contamination. 

3. Established pulling and rotation rates for SBN:6ü crystals. 

4. Effectively utilized the ADC system to minimize temperature 

instability during growth. 

Except for the last parameter, the necessary changes have been made 

in our earlier growths, as discussed in detail  in our last report.    During the 

last six months, considerable progress has been made in understanding tempera- 

ture fluctuations and the application of the ADC system during growth.   The 

results of this work are discussed in the following section. 

2.4 Growth of SBN:60 Crystals With ADC System 

The need for automatic diameter control   (ADC) in growing SBN:6Ü 

single crystals arises mainly from the poor tnermal  conductivity of the mate- 

11 
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rial, which causes great difficulty in maintaining a fixed crystal diameter by 

set-point programming of the furnace power.    It has been noticed that small 

changes on the order of + 1° to 2° in the thermal environment near the growing 

interface tend to continually upset the steady state heat flow through the 

crystal, either increasing it to cause crystal widening or decreasing it to 

cause crystal  narrowing.   Uniform crystal diameter implies unchanging melt 

temperature near the interface, a necessary and important ingredient for pro- 

ducing homogeneous, striae-free crystals, and this has been recently achieved 

to a large extent in SBN crystals.   As shown in Fig. 3, the striae pattern of 

crystals sectioned and polished parallel to the growth axis (001) clearly show 

that the growth under rapidly changing thermal conditions (left) contains 

strong striae, then a transition zone occurs (center) as the crystal  begins to 

achieve constant diameter.    In this section, striae tend to be weak.    ADC is 

engaged during at this point and, as growth continues, the system settles down 

to constant diameter growth with striae absent, or nearly so (extreme right). 

This is a significant accomplishment in this program, and it has successfully 

shown that the ADC system can be effectivly used to maintain uniform crystal 

diameter and thereby reduce or eliminate striations.    Figure 4 shows a typical 

1.5 cm diameter, 6-7 cm long SBN crystal  grown along the (001) direction using 

the ADC system.    This is the first time such long and uniform diameter SBN:6ü 

single crystals have been grown in this orogram. 

A crucible-weighing ADC system has been installed for this task, 

since the technology is well established and good equipment is commercially 

available.   The ADC system has been modified in the current arrangement, with 

some furnace redesign necessary and electronically matched to the growth fur- 

nace thermal time constant to achieve the smoothest possible changes in fur- 

nace power to hold the growth interface conditions as steady as possible. 

This has been accomplished over a period of many experiments.    It has been 

observed that the present system gives its best performance (achieving + 10C) 

when crystals are grown in large sizes of ~ 1 cm or larger in diameter.    Below 

this limit, the sensitivity of this system was found to be inadequate. 

12 
C56323A/sn 

i^^MH^Bi^^MH 



*» 
Rockwell International 

Science Center 

SC5340.4SA 

1 :' 

»'■ - 

ü 
Q 
< 
I 
I- 

11 OOQ 

o   S 

z w S 
(/> (o o 

.V,:    ' 

i 

ro 

>i 

o 

cn 

o 
1X3 

CO 
00 

■t-> 

o 
01 

O 
S. 
U 
01 

01 
tu 

I 
c o 

■r- 
t- 
+J 

o 

O 

cn 



'» 
Rockwell International 
Science Center 

SC5340.4SA 

SC84 25778 

Fig. 4 SBN:60 crystal grown along the [001] direction using the ADC system. 

14 



w Rockwell International 
Science Center 

SC5340.4SA 

Further improvements are underway to control  interface conditions, 

i.e., control temperature fluctuations to below t 1/20C to produce even better 

diameter control and hence more homogeneous crystals.   We also plan to install 

a crystal weighing ADC system which may be combined with pull rate diameter 

control for improved control of the intenace shape and heat flow.   An auto- 

matic variable cross-section control will allow completely automatic widening 

and tailing of crystals.   Computer programming and control of all these func- 

tions should lead to completely automatic growth of crystals from "seed on" to 

decant. 

In summary, the quality of SBN:60 single crystals has been dramati- 

cally improved, and has created new interest and applications for this crys- 

tal.    What we plan to accomplish during the next six months is to show that 

the growth process is reproducible, at least for small crystals, and the qual- 

ity can be effectively controlled.    For further improvement and reproduci- 

bility, the following changes are planned: 

• Improve centering of the radial  gradient in the melt to further 

reduce or eliminate striations and coring effects. 

• Study the effects of the after-heater furnace on the radial and 

axial gradients and the optimum pull rate. 

• Reduce melt impurity level by selecting the highest quality 

starting materials, specifically ^205. 

• The role of pull  rate and rotation will Ue reinvestigated with 

respect to the current upgraded growth process. 
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3.0    LIQUID PHASE EPITAXIAL GROWTH OF BRONZE COMPOSITIONS 

3.1 Introduction 

The purpose of the liquid ph.se epitaxial   (LPE) growth work is to 

develop optical  quality ferrolectric tungsten bronze family compositions that 

possess high electro-optic, nonlinear optical, and piezoelectric properties 

with a moderately low dielectric constant.    We recently demonstrated the suc- 

cessful growth of striation-free SBN:60 single crystals by the Czochralski 

technique, and crystals as large as 1-2 cm in diameter have been produced. 

However, we believe that this technique may not be adequate for other bronze 

compositions such as BagKNbgOjg (incongruent melting), pbi xBaxNb20g, and 

Pb2KNb5015 (volatilization of Pb2+).    In these instances, it is expected that 

the LPE technique should play an important role in developing a wider variety 

of ferroelectric bronze compositions for optical  applications.    Furthermore, 

the ability of LPE to obtain a wide variety of films in a relatively short 

time, compared with the time required to achieve suitable quality single crys- 

tals, will  enable us to greatly expand our knowledge of obtainable properties 

in this class of families.    Since large crystals of the bronze compositions 

Sr1_xBaxNb206, x = 0.40 and 0.50, and BSKNN (0NR and NVL) are now available 

fron our current work, and the lattice mismatch between the selected crystals 

and proposed compositions is minimal, we do not anticipate any major problem 

In developing heteroepitaxial growth for several  of these bronze compositions. 

Although several compositions have been identified as potential candidates for 

this work, the current research has been restricted to ^ few ferroelectric 

systems, e.g., Sr1_xBaxNb206 and Pb1_xBaxNb206.    In the latter system, both 

the orthorhombic and tetragonal  tungsten bronze structures exist, which makes 

this system potentially important for optical  studies.    The experimental work 

on both systems is in progress and the initial  results of these investigations 

are discussed in the following sections. 
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3.2 Summary on LPE Growth Experiments 

As discussed in an earlier report, the LPE growth technique has been 

successfully developed for the ferroelectric Srg ^BAQ s^Og composition using 

BaV20g solvent and SVQ 6^a0.4NI:)2^6 substrates«    The liquidus temperature and 

compositional  boundary conditions for this composition were determined by 

establishing the phase diagram for the pseudo-binary system BaV20g- 
Sr0 5Ba0 B^M^'    Based on this work, a mixture containing 65 mole% BaVgOg and 

35 mole% SrQ gBag gNb^Og was found to be suitable because:    1) the composition 

of the resulting phase is close to SrQ^Ba^gNbgOg, and    2) the composition 

melts at a relati«!ly  iow temperature (1000oC).    Detailed information on ter- 
o 

nary and binary systems is provided in our earlier report. 

Initially, (001) oriented SrQ gBag 4Nb2Üg substrates were used, and 

the LPE process was established for this composition. Films as thick as 5- 

35 ^m were easily grovn at about 10Ü0oC. After cleaning the films in diluted 

HC1 or HNOo acids, it was found that the films grown from the V -containing 
5+ 

flux were dark amber to yellow in color, indicating possible inclusion of V . 

The results of x-ray diffraction and other ferroelectric measurements ruled 

out such a possibility due to a strong tetrahedral preference of the Vt>+ 

cation. The surfaces were smooth and clean, but showed a tendency towards 

cracking after film removal from the growth furnace. This is believed to be 

due to a slight mismatch between the film/substrate lattice constant, £. As 

can be seen from Table 4, the mismatch for the other orientations such as 

(100) is much less, and we found growth along the (100) and (110) directions 

to be much more successful. Hence, substrates oriented along (100) and (110) 

are being used for ihe present study. Once LPE growth Is well established for 

these orientations, growth on the (001) orientation will be continued. It is 

interesting to note that the optimum electro-optic coefficient, ^3, is also 

observed^ along the (100) direction of tetragonal tungsten bronze crystals, 

and this could be a beneficial orientation for future electro-optic character- 

ization. However, for optical waveguides, one may need other orientations 

such as (001). 
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Table 4 

Structural  Data For the SEN Substrate/Film 

Material 
X-Ray Diffraction Data 

(8,0,0)                  (10,0,0) (12,0 ,0) 

CuKcti        CuKaj CuKai CuKa2 CuKai CuKa2 

i   Substrate, 
1   SBN:60 

!    Film, 
\   SBN:50* 

2ft 

2e 

59.241      59.413 
60.1          21.1 
12.475Ä 

59.000      59.182 
100.1       60.1 
12.501      12.503 

76.321 
100.1 
12.478/5 

76.003 
100.1 
12.500 

76.546 
50.1 

76.223 
60.1 
12.5001 

95.703 
96.1 
12.481« 

95.251 
100.1 
12.498 

96.023 
50.1 

95.571 
65.1 
12.496 

*   Composition of film is slightly changed as compared to melt composition. 
Tentative composition is SPQ ^BaQ 5Nb20g. 

Although the crystallization rate for the SBN:60 composition is much 

faster along the (001) direction compared to the (100) and (110) orientations, 

the latter films are of better quality and films as thick as 10-25 \im have 

been easily grown.    At present, efforts are being made to establish the in- 

fluence of temperature variations and growth time on film thickness and compo- 

sitional  fluctuation.    Although the growth of SBN films has been shown to be 

successful, all  of the experimental   factors have not yet fully been identified 

from the current work regarding the growth rate and tolerance factors for lat- 

tice match/mismatch for each orientation.    Future work Includes these tasks 

and also Includes plans to grow other bronze compositions based on the 

Pbj^Ba^bgOg system. 

3.3 Characterization of Films 

Before films can be used for any device application study, it is im- 

portant that their quality and ferroelectric properties be established using 

x-ray diffraction and ferroelectric measurement techniques. During the last six 

months, considerable progress has been made in these areas. The details of 
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the x-ray diffraction measurements and poling techniques are discussed in the 

following sections. 

3.3.1       Structural Characterization 

The crystal unity, composition and lattice constant, ^a, have betjn 

established by x-ray diffraction measurements.   Typical  intensity vs spilayer 

thickness plots are given for the rejections  (800),  (10,0,0) and  (12,0,0)  in 

Fig. 5.    Two peaks corresponding to CuKa^ and Ka2 represent the SBN:60 sub- 

strate, while the norinal SBN:5ü epilayer position is denoted by CuKa'^ and 

Ka'2«    The intensity of the epilayer reflection is slightly stronger than that 

of the substrate,  indicating a high degree of crystallinity and successful 

deposition of the SBN layer on the SEN:60 substrate. 

For determination of the composition of the thin films, the lattice 

constant a_ for film/substrate was carefully evaluated using Si as the internal 

standard.    A small amount of Si was placed with the film on a glass substrate 

for the x-ray measurements, and as shown in Fig. 5, three reflections, namely 

(8,0,0),  (10,0,0) and (12,0,0), were carefully recorded.    The resolution for 

film and substrate peaks was excellent and reflections were accurately mea- 

sured by scanning at l/80/min.    The ^served 29 for each reflection are given 

in Table 4.    Using these values, the lattice constant, a^ for film and sub- 

strate are 12.500A and 12.478Ä, respectively.    By comparing the film Rvalue 

with the lattice constant for the Sr^JJaj-NbgOfi system, it appears that the 

film composition is close to Srg^o^O.60^2^6*    ™e results clearly indicate 
that the film composition is slightly changed fron the melt with an increased 

Ba2+ concentration. 

Since the films are grown from BaV205 solvent, it is important that 

the Ba:Sr ratio In the solvent be controlled.   Based on the work by Lenzo 

et al,6 the composition Sro>75BaQ>25Nb205 exhibits the highest electro-optic 

and pyroelectric coefficients; hence, it is Important in the present work to 

develop films close to this composition.   As shown in the ternary diagram, 

BaV206-SrNb206-BaNb206 (Fig. 6), the SrQ#75Bao#25Nb206 Phase 1« located at the 
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Fig, 5     X-ray diffraction peaks taken for substrate/film. 
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BaV206 

8C84-2B777 

SrNbaOe - TYPE 
SOL. SOLN 

SrNb206 

BaV206 - TYPt 
SOL. SOLN. 

Sr0.5Ba0.5Nb206 
BaNb20 

Fig. 6     The systar. BaV206-BaNb206-SrNb206 in air at 1200oC. 

21 



*» 
Rockwell International 

Science Center 

SC5340.4SA 

Sr2+-r1ch end, and this suggests that for future LPE work 1t is desirable that 

the films be grown from a Sn+-rich solvent.   Work is in progress to develop 

such compositions by controlling the melt in the following two ways: 

1. Ba^Sr^Og-Sro^Bao^NbgOg. or 

2. Sr^Og-Sr^Ba^bgOg 

The results of x-ray measurements on both these systems indicate the 

existence of the tetragonal tungsten bronze phase.   Huwever, the precise com- 

position is noc yet fully established.   Further x-ray work is underway to 

establish the lattice constants and allow us to modify the melt composition 

accordingly. 

3.3.2       Poling 

To obtain optimum data concerning piezoelectric, pyroelectric, 

electro-optic, or even nonlinear optical properties of ferroelectric crystals, 

it is necessary to work with single domain pieces.    Therefore, it is important 

in this work to prepare single domain SBN films for evaluation of their opti- 

cal properties.   Based on dielectric temperature dependence measurements on 

SBN:60 single crystals, the ferroelectric transition temperature {Tc) occurs 

at 720C; this information is absolutely required.   The procedure for poling 

used here consisted of heating the grown SBN single crystal to about 50C below 

Tc, with a dc field between 1-6 KV/cm along the c-axis of the sample for a 

time corresponding to 1 h per cm length.   The electrode materials used were 

either gold or platinum.    It has been shown that an aporoximately 5.0 kV/cm 

field is needed to obtain single domain SBN:60 single crystals.   However, 

poling becomes more difficult when crystals are used with different orienta- 

tions.   In tetragonal SBN crystals, the [001] direction is polar, and poling 

has been accomplished along this direction.   Hence, this orientation has to be 

maintained, at least in the plane, in order to pole crystals with other 

orientations. 
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In the case of (100) and (110) plates, the [001] axis lies in the 

plane, and the poling field must be oriented along the length of the sample 

(Fig. 7b),    Electrodes were deposited on the ends of the samples with some 

overlap (typically 1 m) onto the major faces.    Surface conductivity is a 

major problem in this configuration because of the high poling voltages re- 

quired, and hence, good surface preparation and cleanliness is essential. 

These samples were successfully poled using the same procedure outlined above, 

but at a slightly higher field (7,5-8,0 kV/cm), 

The poling of (100) and (110) plates is a significant accomplishment 

in this work.    The next task will  be to apply this technique to (100) oriented 

substrates with epilayer films having a Curie point much higher than that of 

the substrate.    Although the most effective (and nondestructive) poling proce- 

dure under these circumstances is not presently known, it is anticipated that 

poling will  be achieved by raising the temperature to the Curie point of the 

film, and then slowly cooling while maintaining a high voltage dc field.    This 

procedure should result in a simultaneously poled film/substrate.    Initial 

research into this probem is now in progress, 

3.4 The Tungsten Bronze pt,i.x
Ba

x
Nb206 

The ferroelectric Pl)
1_xBaxNb20g system is considered to be promising 

for use in various device applications, e,g,, pyroelectric, electro-optic 

piezoelectric, etc.    It has also been shown thermodynamically using Landau: 

GinsburgrDevenshire (LGD) phenomenology and experimentally confirmed for tung- 

sten bronze PBN, that PBN and possibly many other tetragonal  bronzes can have 

very high electro-optic coefficients and piezoelectric properties.    Further- 

more, it has also been observed that a crossover between e^ and e^ is found to 

occur in the Pbi,x
Ba

x
Nb206 so11d S(:)1ut'ion family for compositions in the 

vicinity x = 0.37.    As shown in Fig. 8, near this composition a morphotropic 

phase boundary occurs between a ferroelectric orthorhombic (mm 2) and a tetra- 

gonal   (4 mm) structure.   Thus, tetragonal  compositions with large 9, values 

and correspondingly large e^ and d15 should exist near the morphotropic phase 

boundary. 
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i 
Pt-ELECTRODE 

(b) 

Fig, 7  Poling direction for different orientations. 
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Fig. 8     Phase diagram for the PbNbgOg-BaNbgOg system. 
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It fs the purpose of this investigation to grow thin films in the PBN 

system near the morphotropic phase boundary, and to identify suitable composi- 

tion for electro-optics, as well as other device studies.    Recent work by 

Nagata et al10 and Yokosuka11 indicated that the electro-optic coefficient 

increases with the addition of La3+ for Pb2+, 

Although this system melts congruently and the growth of small crys- 

tals by the Czochralski technique under this contract has been shown to be 

successful at Penn State, growth is difficult due to severe Pb2+ losses.   The 

best approach for such materials appears to be the LPE technique so that one 

can significantly reduce these losses.    Since the lattice mismatch between 

PBN/SBN and PBN/BSKNN crystals is minimal, at least on the a-axis, it is be- 

lieved that this approach should prove to be beneficial  to develop tetragonal 

ferroelectric PBN compositions for optical  studies. 

3.5 Solvents for PBN Compositions 

Preparation of pure or Ba2+-suhrt1tuted PbNb20g compositions is com- 

plicated by the existence of ferroelectric and nonterroelectric modifica- 

tions.12,13   The first is orthorhombic and the latter is rhombohedral , which 

converts to an orthorhombic ferroelectric form above 1100oC.    However, this 

transition is regarded as reversible and is accompanied by considerable tem- 

perature hysteresis.   The high temperature ferroelectric form is usually pre- 

pared by heating the sample at 1200oC for at least 30 min and then cooling 

rapidly.    In order to use this ferroelectric form for the proposed study, it 

is Important that this transition be lowered so that one can stabilize the 

ferroelectric form at around 1000oC or lower.    At present, efforts are under- 

way to accomplish the following two tasks: 

1,     Identify a suitable solvent that will lower the ferroelectric/ 

nonferroelectric phase transition temperature. 
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2.     Establish the tetragonal tungsten bronze phase that is compat- 

ible with SBN and BSKNN substrates, i.e., maintain a relatively 

high Ba2+ concentration. 

There are a large number of solvents that have been identified for 

PBN.    However, the choice in the present work is restricted to only vanadium- 

containing solvents.   The discussion on these solvents and construction of the 

phase diagram have been given in an earlier report.    Three systems based on 

vanadium, namely LiVO-j-PBN, BaV20g-PBN and Pb^Oy-PBN, have been investigated 

and it was found that the first two systems are unacceptable, since the LiNB03 

and Bal^Og phases remained stable over all temperature ranges. 

The third system, Pb2V207-PBN, appears tn be suitable for this work 

and is now being evaluated.    Although the nonferroelectric phase is still 

being observed, it appears at a slightly lower temperature.    When the nonfer- 

roelectric rhombohedral   phase was heated over 11000C, the orthorhombic ferro- 

electric tungsten bronze phase was obtained.    However, at this stage, the 

composition of the PBN phase is not yet identified.    Hence, precise lattice 

constant measurements on these compositions is in progress to identify x in 

Pbi xBa NbpOg.    This will  allow us to determine the actual  concentration of 

Ba-+ in the final composition for film growth. 

Since tetragonal  tungsten bronze SBN and BSKNN are the only available 

substrate materials, it is Important that the phase crystallized from the 

Pb2V207-PBN system also exhibit a tetragonal  structure.    As shown in Fig. 8, 

the tetragonal  tungsten bronze phase appears below x = 0.40.    This indicates 

that the concentration of Ba2+ should be high to maintain the tetragonal 

phase.    Since the BaV20g so^lvent shows a tendency to form BaNb20g, the present 

assemblage will be treated on the ternary system as follows: 

Pb2V207-Ba2V20rPBN. 
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Although the Ba2V207 phase does not occur In the BaO-VgOg system, the 

ternary system will be studied on that formula weight.   Work in this direction 

i", in progress, and we expect to produce Baz+-rich PBN compositions in the 

lear future.   The present authors have already successfully shown the growth 

of LI^Na^bgOg films using the LiV03-NaV03-L1NbÖ3 ternary system.14,15 

3.6 Summary 

We have successfully demonstrated LPE growth of the SBN:40 bronze 

composition and the poling of SBN:60 substrates.    Also developed is a new sub- 

system, PbgVgOy, for future film growth.    Areas of research in the next six 

months are: 

e       Establish PbgVgO^BaVgOyiPBN system to yield the tetragonal 

tungsten bronze phase. 

• Establish the poling technique for '.ilm/substrate grown on (100) 

and (110) orientations. 

• Develop the surface finish necessary for device studies. 

Plans are made to study these problems to decide the applicability of 

these films for device studies.   We believe that film poling will be a criti- 

cal task in this work and will  require full  attention.    At present, films 

grown on (001) plates are slightly rougher due to lattice mismatch, and this 

problem has to be studied in more detail  using current substrates or other 

bronze crystals.    Bronze SBN:50 (under DARPA contract) and BSKNN (under NVL 

and 0NR contracts) crystals are being grown, and as soon as suitable size 

crystals become available, we expect that we will have a good selection of 

substrate material  for LPE work.    This will  speed up our work and should make 

it possible to develop different films for electro-optic applications. 
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4.0 ELECTRO-OPTIC CHARACTERIZATION OF TUNGSTEN BRONZE 
PBN AND SBN CRYSTALS 

4.1    Introduction 

In the previous report, phenomenologlcal relations were developed for 
the linear electro-optic constant, r^, of the tetragonal ferroelectric tung- 
sten bronze structure crystals. The equations permit a simple description of 
the symmetry permitted r^'s In terms of the quadratic electro-optic g^j 
constants of the prototype paraelectrlc phase, the spontaneous polarization In 
the ferroelectric phase, P3, and the appropriate components of the dielectric 
tensor, E^J , I.e. 

r13 = 29l3P3e33 W 

r33 = 2933P3e33 ^ 

r42 " r51 = Hnp3£n (3) 

The advantage of the derivation Is that the prototyplc g constants 
are only very weak functions of temperature so that the relations clearly 
point up the Importance of controlling and enhancing P and e to achieve large 
r constants. 

Data for ten different bronze compositions were assembled and the 
(goo-goi) and g^. constants derived by measurement of the birefringence and 
spontaneous polarization. From the g constants, values were calculated for 
r33'r31 anc' ^or r51 * ^42* ^ n!'ost ^mPortant conclusion was that for compo- 
sitions In the lead barium niobate (PBN) family in the tetragonal ferroelec- 
tric region, but close to the morphotroplc phase boundary near the 60:40 
composition, very high and almost temperature Independent values of e^ can 
contribute very large values of r51. 
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The tasks taken up in the current contract period were to extend the 

crystal growth work so as to move In closer to the WB from the tetragonal 

side, and to verify by direct measurement the expected very high values of r51 

and r,?. I" the former task, work is progressing smoothly, and an additional 

composition closer to the MPB has been grown and characterized. For the mea- 

surements of r51, we are having difficulty in making precise measurements due 

to an apparent sensUivity to the poling conditions. 

While this is being tackled, we have made measurements of the neces- 

sary dielectric and pyroelectric properties, and have characterized the com- 

parable piezoelectric H-- and ^ constants.    Data for these measurements, 

together with preliminary data for the r constants, is presented. 

4.2 Experimental  Data 

4.2.1       Growth of Pb^Ba^bgOg Crystals 

The materials used in growth were Specpure PbO, BaCOj and Itt^Og from 

Johnson Matthey in England.    Chemicals were weighed out to the stoichiometry 

required, then excess lead added.    In each case, the chemistry of the finally 

grown crystal was determined by chemical  analysis, and the composition changes 

across the phase diagram produced by successive iterations. 

The mixed oxides were wet ball-milled in ethanol, then prefired in 

AI2O3 crucibles at 650oC for 24 h before being loaded into the 40 m diameter 

Pt pulling crucible.    Growth was by Czochralski method in an RF heated 

Crystallox pulling system.   Typical  conditions were pulling rates ~ 2 m/h 

with rotation at 10 rpm.    For initial  runs, the objective was not to grow 

large perfect crystals, but to produce a family of small  boules from which un- 

cracked sections could be cut to give representative samples for several dif- 

ferent stoichiometrles.    Typical  boules produced were cracked, even on very 

slow cooling, but contained sections with dimensions up to 10 x 5 x 8 mm, ade- 

quate for characterization studies. 
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Chemical analysis revealed significant departures in the as-grown 

samples from the initial starting stoichiometry, and in each case, the chemi- 

cally determined actual crystal stoichiometry is given. Compositions which 

have been grown to a size suitable for measurement are shown in Table 5. 

X-ray powder diffraction analysis was used to determine the symmetry 

and the lattice parameters. The symmetry change from tetragonal to orthorhom- 

bic on crossing the MPB compositions was confirmed by the optical character in 

polarized light. 

4.2.2  Property Measurement 

To determine the necessary dielectric, piezoelectric and electro- 

optir properties, plate bar and cube shaped samples were cut with major sur- 

faces normal to a and c (1 and 3) axes of the tetragonal crystals with 

x > 0.4. For compositions in the orthorhombic ferroelectric phase, samples 

were cut with major faces perpendicular to the orthorhombic a and b axes, 

which make an angle of -  45° between the tetragonal a axis. 

Sputtered Au electrodes were used, and the crystals were poled by 

slow cooling under dc fields of 1-2 kV/cm along the c axis for tetragonal 

species, and along the b axis in orthorhombic crystals. This poling process 

appears perfectly adequate for the measurement of the piezoelectric d con- 

stant, both d33 and d15, and since these are related to the Q, P3 and e in 

exactly the same manner as the r constants, we have gone ahead and made the 

valuation. The problem for r constants appears related to the much larger E 

fields we have been using, and to the fact that our initial sample cuto are 

slightly misoriented (~ 5°) away from the c axis. 

New samples are now being cut and poled for the r measurements. The 

characterization of dielectric, pyroelectric and piezoelectric parameters for 

the samples are given in Table 5. 
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4.2,3       Preliminary Linear Electro-Optic Measuretrents 

For a field En applied orthogonal  to the c axis, the change in the 

principal birefringence is given by 

An^ B 1 "\lh ( 4) 

Using the conoscopic figure for a SBN:60 crystal  for a field E, 
-4 5 x 10° V/meter, the measured change of birefringence Ani = 2 x 10_H. giving a 

value of r 51 

,-10 12 r51 ■ 0.8 x 10"1,J m/V = 80 x lO-1' m/V 

Table 6 summarizes the dielectric, piezoelectric and electro-optic 
properties of the tungsten bronze system Sr^Ba^bgOg,  .25 < x <  .75.    It is 

known that r^ is highest (1350 x 10"12 m/V) for the Sr<75Ba>25Nb206 (SBN:75) 
composition, and decreases as the Ba content is increased.    Although r^ also 

decreases, the behavior of r^ = r^ is considerably different.   The present 
measurements show that r^, actually Increases with increasing Ba2+ content, 

being substantially larger for SBN:60 (80 x 10'12) as compared to SBN:75 

(42 x 10'^2).    This result Indicates a strong compositional dependence for 

Table 6 
Electro-Optic Behavior in the Tungsten Bronze Sr, xBaxNb20c System 

Property SBN:75 SBN:60 SBN:50 

i   Curie Temp (0C) 56 72 125             1 

!   Dielectric 
Constant 

£33 * 3400 «-33 - 600 £33= 500 

i   Electro-Optic 
Coef. m/V 

r33 = 1350 
r13ss 

P33 = 420 
r13 = 

r33 =  180 

r13=          1 
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r51, but In a manner opposite to that of r^y    Since SBN:50 single crystals 
are now available from this work, it would be interesting to investigate the 

magnitude of r^-,  in this composition to see if it is greater than that mea- 
sured for SBN:60. This should contribute important information regarding the 

potential of SBN for optical switching applications and spatial light 

modulators. 

4.3    Discussion 

For the piezoelectric constants, the phenomenological equations 

are 

d15 a Q44pseoKa (5) 

where Q»,  is the quadratic shear electrostriction constant in the paraelectric 

prototype. This may be compared to the electro-optic equation 

r51 = Ws^a  • {6) 

Since both Q«. and g.. are only weak functions of temperature, djg 

and rci should have similar temperature characteristics, depending on the same 

manner upon Ps and £33. 

From Table 5, the benefit of the MPB is very apparent in the very 

large values of e-,, which occur at temperatures well below Tc, where P3 is 

also very large.    For a further test of the phenomeijlogy, one may derive an 

expression for the dielectric stiffness, xn» ^rom the Devonshire theory in 

the form 

^11 = FTT = rr1 + 2a13P3 + 2a133p43 + 2a1333p63     • (7) 

11 0 

Using values of C = 2.0 x 105oC and value for the a constants derived in ear- 

lier studies of SBN^. eii at room temperature can be calculated as a function 
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of the transverse Curie temperature, 8|.    In Fig. 9, calculated and measured 

values of Ka (c^) are compareo for compositions with different flj values.    In 

the $ame graph, values of d,c are ^so added, indicating the dominant role of 

K. for temperatures remote from "L. 

.4 Conclusion 

The piezoelectric and dielectric measurements on compositions in the 

lead barium niobate bronze ferroelectrics agree closely with the expectations 
of phenomenological theory.   Preliminary data for the r^, also fit well, but 

more p.txise data are required to complement and confirm the theory.   These 

measurements will  be completed in the next quarter. 

The theoretical curve underscores the importance of obtaining crys- 

tals with tetragonal  compositions very close to the MPB, and additional  effort 

is being focused upon this aspect of the work. 
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5.0    NEW TUNGSTEN BRONZE SYSTEMS FOR ELECTRO-OPTIC STUDIES 

Several of the most interesting tungsten bronze systems show morpho- 

tropic phase boundaries (MPB) which depend primarily on composition rather 

than on temperature.    Ceramic or single crystal  compositions adjacent to such 

boundaries show considerable enhancement of electro-optic, dielectric, piezo- 

electric, electromechanical  and pyroelectric properties because of the prox- 

imity in energy of an alternate ferroelectric structure.    In the present work, 

two such systems, BaNaNbgO^-SrgNaNbgO^ and Pb2KNb5015-BaNaNb5015, have been 

developeo and are found to have MPB conditions with exceptionally high dielec- 

tric and other properties.    The present report includes information on these 

systems as a starting point for future materials for electro-optics and other 

device applications. 

5.1 BaaNaNbsOis-S^NaNbsOis System 

Tungsten bronze barium sodium niobate (BNN) has been shown to be an 

outstanding material  for electro-optic and nonlinear optic applications, par- 

ticularly for second harmonic generation of near-IR laser radiation.    The 

material was first discovered in 1967 bv researchers at Bell Labs,17 and was 

found to have a number of useful  nonlinear optic and piezoelectric properties. 

Stoichiometric BagNaNbgO^ is orthorhombic at room temperature with lattice 

constants a = 17.592Ä, b = 17.626Ä and c = 3.995Ä, as determined from high 

angle x-ray measurements. °   Because of the small  difference between a and b, 

routine x-ray powder diffraction measurements show a tetragonal  structure. 

Above 260oC, an orthorhombic to tetragonal transformation occurs in which 

microtwinning is usually observed in single crystals, but with no significant 

dielectric anomalies.   The Curie point is at approximately 570oC. 

Based on our earlier theoretical  work on the tungsten bronze family1^ 

and experimental work on Pb^Ba^bgOg, an enhancement of the piezoelectric, 

pyroelectric and electro-optic properties can be anticipated for tungsten 

bronze compositions which exhibit a morphotropic boundary condition between 
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tetragonal  and orthorhombic phases.    Furthermore, a reduction in the Curie 

temperature is also highly desirable.   To this end, we have begun an investi- 

gation of the pseudo-binary system (l-x)Ba2NaNb5015-(x)Sr2NaNb5015 in which 

some of the Ba ions are replaced with Sr via the inclusion of SrgNaNb^O^ 

(SNN). 

Materials were prepared by the normal  procedure of mixing, calcining 

at 900-950oC, then ball-milling for 12-18 h.    The cold pressed slugs were then 

sintered for 2 h at 1250-1280oC, depending on the composition.    The ceramic 

disks were then polished and platinum electrodes were vacuum deposited for di- 

electric characterization.    The results for the variation in the Curie point, 

T , as a function of composition are shown in Fig. 10.    A significant drop in 

T. is seen for even small  «mounts of SNN (x > 0.1).    Optical  evaluations by 

Van Uitert et al20 on single crystals in this compositional   system have shown 

a pseudo-tetragonal   structure at room temperature over the range 0 < x < 0.75, 

with a broad Curie point minimum at 210oC for x = 0.75.    Powder x-ray diffrac- 

tion measurements in this work show a tetragonal   structure up to x = 0.6 at 

which point a sharp minimum in Tc (170oC) occurs.    The differences observed 

can be primarily attributed to the large deviations from stoichiometry for the 
on 

Czochralski  grown crystal  used in the work by Van Uitert et al.      The use of 

ceramic samples in the present work, with lower sintering temperatures for 

growth and low weight loss (typically 1-2%), insures compositions which are 

much closer to true stoichiometry.    Beyond the x = 0.6 point, the compositions 

show a gradual  rise in T   to 260oC for pure SNN.   Dielectric data for composi- 

tions close to SNN do not show the broad, low dielectric peak at 150-200oC 

previously reported,     but do indicate the onset of a second peak well below 

room temperature for compositions with x > 0.65. 

Dielectric data for the BNN-SNN system are shown in Fig. 11.    A sharp 

rise in the dielectric constant, K, at room temperature and at Tc is seen for 

compositions in the range of 0.6 < x < 0.7.    The gradual  rise in the room tem- 

perature dielectric constant near the pure SNN composition is a result of the 

previously mentioned low temperature peak; for SNN (x = 1), the dielectric 
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constant was observed to decrease from its room temperature value as the 

sample was warmed until  the onset of the ferroelectic transition peak. 

These data are considered preliminary at this time due to the sensi- 

tivity of this system to sintering temperature, particularly for the range 

0.4 < x < 0.8.    Work is continuing on the refinement of the dielectric and 

structural  characterization of this system.   Of particular interest is the 

nature of the structural  change near x = 0.6, since both BNN and SNN show 

pseudo-tetragonal  structures. 

5.2 Pb2KNb50i5-Ba2NaNb50i5 System 

Another tungsten bronze of interest is Pb2KNb5015 (PKN).    This com- 

position has been successfully grown in hot-pressed dense ceramic form by 

Nagata et al      in Japan with a high electrochemical  coupling constant, kt = 

0.40, and good polarization.    As such, it represents an attractive candidate 

for SAW., piezoelectric and pyroelectric device applications.    However, its 

relatively high Curie point (470oC) makes it very difficult to completely 

pole.    It is also prone to cracking above 1200oC growth temperatures,     and 

hence the attainment of optically transparent hot-pressed material  remains 

unlikely. 

Ceramic PKN prepared in this laboratory shows an orthorhombic struc- 

ture with a = 17.835Ä, b = 17.944Ä and c = 3.938A, these values being deter- 

mined from powder x-ray analysis with an excellent fit to 28 lines.    The 

orthorhombic structure of PKN presents the possibility of attaining a morpho- 

tropic phase boundary condition in combination with another tetragonal or 

pseudo-tetragonal tungsten bronze composition such as BNN.   To this end, we 

have initiated study of the pseudo-binary system, (l-x)Pb2KNb5015- 

MBagNaNbgOjg, using cold-pressed and sintered ceramic samples.    The 10 KHz 

dielectric data for the Curie point, Tc, as a function of composition for the 

system PKN-BNN are shown in Fig. 12.    A sharp drop in Tc is observed for the 

composition, (.75)PKN-(.25)BNN, at which Tc ■ 2650C.    For higher percentages 

of BNN, the Curie point rises smoothly to the upper value of 5650C at the end 
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point.    Data for the dielectric constant at room temperature and at Tc as a 

function of composition (Fig. 13) show a sharp maximum in the r-t dielectric 

value at x = 0.25, with a corresponding steep drop in the value at T..    The 

dielectric constant at Tc for pure PKN (11,700 at 420oC) corresponds very well 

with the average fo the peak dielectric constants measured in hot-pressed PKN 

for cuts made perpendicular and parallel  to the pressing direction (13,800) 

reported by Nagata et al.^1   Hence, aside from grain orientation effects in 

hot-pressed material, further densification does not appear to significantly 

Improve the dielectric properties of PKN. 

Microcracks in the normally sintered ceramics were a significant 

problem over much of the compositional  range.    Compositions with a large per- 

centage of PKN showed substantial  cracking when sintered at 1200oC for 2 h, 

with the samples often crumbling during subsequent measurement.    This problem 

was alleviated by sintering at 1180oC for 4 h, although widely dispersed 

microcracks could still  be observed in some samples.    Curiously, no micro- 

cracks were observed for samples in the morphotropic boundary region, 

0,2 < x < 0.3.    For larger values of BNN content, it was necessary to progres- 

sively raise the sintering temperature in order to obtain good ceramic densi- 

ties.    The dielectric properties, particularly at Curie point, appeared very 

sensitive to sintering conditions for compositions near the morphotropic 

boundary; hence, these data still  need some refinement. 

Further work is planned for this compositional  system in the coming 

months, including continued x-ray structural  analysis, dielectric measure- 

ments, and piezoelectric characterization of poled samples with morphotropic 

and near-morphotropic compositions.    The present data indicate potential  use 

of this system in piezoelectric, millimeter wave and SAW device applications. 

Tetragonal  near-morphotropic compositions of PKN-BNN may also find use in hot- 

pressed form for electro-optic applications if the apparent greater mechanical 

stability of these compositions can ^e used to an advantage to obtain optic- 

ally transparent material  at higher growth temperatures.    The pseudo-binary 

system, (l-xJPbgKNbgOjg-MSrgNaNbgOjg, will  also be investigated as an 
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alternative to the present system, since the replacement of the improper 

ferroelectric BNN by ferroelectric SNN may result in a number of interesting 

changes and/or enhancements in the ferroelectric properties, particularly near 

morphotropy. 

Both the PKN-BNN and BNN-SNN systems have been shown to be promising 

for electro-optic, pyroelectric and millimeter wave device application 

studies.    A few compositions exhibit ennanced dielectric properties at room 

temperature and at Tc.    Some of these will be selected for single crystal 

Czochralski growth and the ferroelectric and electro-optic properties will  be 

established in greater detail.    Based on this work, necessary modification in 

the system compostion will  be made in order to achieve optimum optical  proper- 

ties for waveguide, electro-optic modulator and ohotorefractive applications. 
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6.0    PHOTOREFRACTIVE TUNGSTEN BRONZE  CRYSTALS FOR NONLINEAR OPTICS 

The development of photorefractive tungsten bronze single crystals is 

a recent addition to the current project, and this task has teen initiated as 

of October 1, 1983.    This report includes our overall  task objectives and also 

presents some current results on  SBN:60 crystals. 

6.1 Objective 

Selective doping of Sr^Ba^bjOg, x = 0.40 an Ü.25, crystals has 

been shown to produce significant photorefractive effects, and this solid 

solution offers many possiblities for further Improvements.    The objective of 

this program Is to develop and study optical  quality, doped Sr,    Ba NbpOg 

(SBN) or other tungsten bronze crystals.    The photorefractive sensitivity and 

speed of doped SBN single crystals will  be Investigated with respect to cur- 

rent need for their possible application in real  time image processing and for 

holographic storage media.    In addition, a suitable phenomenological model 

will  be developed to explain the influence of the ferroelectric characteris- 

tics and the role of impurity ions in controlling the photorefractive sensi- 

tivity and response (speed)  in ferroelectric tungsten bronze and other 

structural   families. 

6.2 Importance of Tungsten Bronze Family Crystals 

There are several   interesting ferroelectric structural   families 

(perovskite, ilmenite, BSO, etc.) that exhibit excellent electro-optic prop- 

erties, but the tungsten bronze family crystals, such as Sr-i_xBaxNb20g (SBN:75 

and  SBN:60), Ba2-xSrxKl-yNayNb5015 (BSKNN)' Sr2KNb5015» and pbl-xBaxNb206 
(PBN), appear to be more attractive candidates for the proposed work because 

of the following features: 

1.     Tungsten bronze family crystals possess very high electro-optic 

coefficients. 
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2. Large size (over 1 in. diameter) and optically good quality 

crystals are available, e.g., SBN, BSKNN, etc. 

3. The open structure of the tungsten bronzes will accommodate a 

wide range of single or multiple dopant species. 

4. Compositional flexibility permits modification of refractive 

index and other key properties of the host. 

Table 7 summarizes the electro-optic and ferroelectric properties of 

selected tungsten bronze compositions. Since materials development is the 

major part of the proposed research and development program, much of the 

effort will be expended in the growth and characterization of selected crys- 

tals with and without dopants. Initially, emphasis will be placed on two 

areas: 

1. 

2. 

Growth of defect-free undoped SBN:60 and other tungsten bronze 

single crystals of suitable size. 

Determination of the role of suitable dopants on the photore- 

fractive propertie5> of SBN and other bronzes with respect to 

their valence state and distribution over the different crystal- 

lographic sites.   This work will  initially be done with pres- 

ently available single crystals in parallel  with the development 

of defect-free growth of bronze crystals. 
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Table 7 

Electro-Optic and Ferroelectric Properties of Tungsten-Bronze Crystals 

Electro-Optic Dielectric 
(0£) 

Crystal  Size     j 
Composition Coeffi cient (m/V) Constant (Diameter)       j 

Sr0.75Ba0.25Nb206 r33 ' 1350 x 10'12 3400 56 1-1.5 cm           j 
Sr0.6Ba0.4Nb206 r333 420 x lO"2 880 72 3 cm                ] 

Sr0.5Ba0.5Nb206 r33 = 180 x 10"12 440 120 2.5 cm 

Ba2-xSrxKl-yNb5015 r33 ' 540 x lO-12 600 203 1-1.5 cm           | 

Sr2KNb5015 r33a 280 x  lO"1^ 500 150 0.5-0.8 cm        | 

K3Li2Nb5015 r33 3 78 x KT12 100 405 0.5-1.0 cm 

Ba6Ti2Nb8030 r33- 440 x  10"12 200 250 0.5-0.7 cm        1 
Pb1.xBaxNb206:La3+ r33* = 460 x lO"12 650 350 Disk & Crystal 

* r33 obtained on hot-pressed dense ceramic, 

6.3 Current Status of SBN:60 Crystals for Photorefractive Studies 

The present single crystal  growth work has focused on SBN:60.    The 

recent development of striation-free SBN:60 crystals will  have a significant 

impact on this work, and hence, more detailed reserach on this crystal  has 

beer planned.    Recently, four SBN:60 samples (shown in Fig.  14) were charac- 

terized with respect to their optical  and photorefractive properties.    A sig- 

nificant improvement in the optical quality has been accomplished with the 

growth of these crystals (Fig. 15), specifically with regard to the mi.-nmiza- 

tion of diffraction from striations and overall  scattering from defects, etc. 

The results summarized in Fig. 15 were obtained by propagating a small diam- 

eter (~ 1 mm), low Intensity (~ 0.8 uw) beam of light from an argon Ion laser 

(5145Ä) along the a-a".1s of each SBN crystal, polarized parallel  to the c- 

axis.    In sample #0, both diffraction and scattering are evident (due to stri- 

ations), whereas sample #1 shows only scattering and sample #2 is dominated by 

diffraction.    Sample #4 is essentially striation-free and exhibits only a 

residual  amount of scattering. 
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Any scattering or diffraction of the type seen in samples #0    1 and 2 

of Fiq. 15 can seriously impact quantitative optical measurements in those 

crystals.    However, the improved optical  quality of SBN:60 observed in sample 

#4 was sufficient to permit various optical  experiments to be performed. 

These measurements included nonlinear optical  two- and four-wave mixing along 

with transmission spectra, and yielded quantitative results for phase conju- 

gate reflection efficiencies, two beam coupling constants, absorption coeffi- 

cients, and intrinsic bandgap and photorefractive response times for these 

samples.    Further evaluation of these data is in progress, and the results of 

this investigation will  be given in the next report. 

6.4 Future Work: Role of Dopants 

Since the optical  quality and performance of SBN:60 crystals has now 

been improved, it is important that other factors such as speed and sensitiv- 

ity he enhanced for this family of crystals.    Besides the further development 

of striation-free crystals, we will  also introduce specific impurities into 

these crystals.    The change in the refractive index for a ferroelectric cry- 

stal  is given by: 

An = 1/3 n^ijE^ (8) 

where r^ = electro-optic coefficient and Ei• = space charge field. This in- 

dicates that both the electro-optic coefficient and space charge field should 

be Increased to develop efficient material for photorefractive device applica- 

tions. However, for a given crystal, e.g., SBN:60, the electro-optic coeffi- 

cient is constant. Hence, it is important that the space charge field should 

be improved using proper dopants. 

Recently, Russian" and Japanese" researchers successfully demon- 

strated that the photorefractive sensitivity and response time of tungsten 

bronze SBN:60 (Srg^BaQ 4Nb20g) crystals can be effectively improved by in- 

troducing proper dopants.    According to their work,      Ce-doped SBN:60 crystals 
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3  2 exhibit an exceptionally high photorefractive sensitivity of 9.5 x 10" cmc/J, 

a value that exceeds that of Fe-doped LiNbOß (4 x 10"5 cnr/J) by more than two 

orders of magnitude. The response time for these crystals is marginal, but it 

is substantially faster than for Fe-doped LiNbC^. This work is significant 

and provides useful direction for future investigations in order to establish 

the factors controlling both sensitivity and speed. 

A summary of the proposed impurity ions and their possible valence 

states and site preference is given in Table 8. A thorough understanding of 

dopant valence states, site preference and concentration as it effects mate- 

rial quality, sensitivity and speed is fundamental to the enhancement of the 

photorefractive properties of bronze compositions such as SBN:60, and will be 

explored in depth in this work. The growth of Fe3+ doped SBN:60 crystals is 

in progress, and although the results indicate that growth is more difficult 

than for undoped crystals, small and reasonable quality crystals have already 

been grown. The crystals are dark yellow in color and exhibit crystal facets 

similar to those for undoped SBN:60. The effects of Fe3+ addition on the fer- 

roelectric phase transition, dielectric constant and other properties are now 

being evaluated. Once this is accomplished, the crystals will be tested for 

their nonlinear optical properties. 
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Table 8 

Proposed Dopants for Photorefractive Studies 
in SBN and Other Bronze Crystals 

Dopants Valence State 
Site Preference for the Proposed Dopants 

15-Fold 12-Fold 9-Fold 6-Fold 

Cerium Ce3+. Ce4+ Ce3+ Ce3+ Ce4+ Ce4+ 

Terbium Tb3+, Tb4+ _« Tb3+ Tb4+ Tb4+ 

Iron Fe3+. Fe2+ __ . ^ Fe2+ Fe2+, Fe3+ 

Manganese Mn2+. Mn3+. Mn4+ 
mm mm Mn2+ Mn2+. Mn3+ 

Titanium Mi4+. Ti3+ 
mm mm __ Ti4+. Ti3+ 

Molybdenum Mo6+. Mo4+ 
mm mm mm Mo6+. Mo4+ 

Niobium Nb5+.  Nb4+ -- -- "- Nb5+. Nb4+ 
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7.0 FUTURE PLANNED WORK 

e     Further improve temperature stability using the ADC system in the 

Czochralski growth unit to grow striation-free SBN:60 crystals. 

• Improve and continue the growth of SBN:50 and SBN:75 crystals for 

use as substrate material. 

• Establish the poling technique for epi-films and evaluate the ferro- 

electric properties, including dielectric, electromechanical, Curie 

temperature, piezoelectric and elastic. 

Identify suitable tetragonal tungsten bronze compositions in the 

Pb2V207-PBN and Pb2V207-Ba2V207-PBN systems which are compatible 

with SBN and BSKNN substrates. 

• Further establish ferroelectric data on the BNN-SNN and PKN-BNN 

systems to identify optimum compositions for bulk crystal  growth 

work. 

• Establish the photorefractive properties of SBN:60 crystals, and 

also identify suitable dopants to enhance the photorefractive 

sensitivity and speed. 

54 
C5632A/sn 



*» 
Rockwell IntemvMional 

Science Center 

SC5340.4SA 

8.0    PUBLICATIONS AND PRESENTATIONS 

8.1 Publications 

1. T.R. Shrout, L.E. Cross and D.A. Hukin, "Ferroelectric Proper- 

ties of Tungsten Bronze Lead Barium Niobate (PBN) Single 

Crystals," to be published in Ferroelectrics. 

2. R.R. Neurgaonkar, W.K. Cory and J.R, Oliver, "Growth and Appli- 

cations of Tungsten Bronze Family Crystals," to be published in 

Ferroelectrics. 

8.2 Presentations 

1. R.R. Neurgaonkar, W.K. Cory and J.R. Oliver, "Growth and Appli- 

cations of Tungsten Bronze Family Crystals," presented at the 

1983 IEEE Int'l. Symp. on Applications of Ferroelectrics, June 

1-3, 1983, Gaithersburg, MD. 

2. R.R. Neurgaonkar, J.R. Oliver and L.E. Cross, "Growth and Appli- 

cation of Ferroelectric Tungsten Bronze Family Crystals," pre- 

sented at the 5th European Mtg. on Ferroelectrics, Sept. 26-30, 

1983, Benalmadena, Spain. 

3. T.R. Shrout, H.C. Chen and L.E. Cross, "Dielectric and Piezo- 

electric Properties of Tungsten Bronze Lead Barium Niobate 

(Pb1_xBaxNb20g) Single Crystals," presented at the 5th European 

Mtg. on Ferroelectrics, Sept. 26-30, 1983, Benalmadena, Spain. 
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